We present a photometric catalog for Spitzer Space Telescope warm mission observations of the North Ecliptic Pole (NEP; centered at R.A. = 18 h 00 m 00 s , Decl. = 66 d 33 m 38 s .552). The observations are conducted with IRAC in 3.6 µm and 4.5 µm bands over an area of 7.04 deg 2 reaching 1σ depths of 1.29 µJy and 0.79 µJy in the 3.6 µm and 4.5 µm bands respectively. The photometric catalog contains 380,858 sources with 3.6 µm and 4.5 µm band photometry over the full-depth NEP mosaic. Point source completeness simulations show that the catalog is 80% complete down to 19.7 AB. The accompanying catalog can be utilized in constraining the physical properties of extra-galactic objects, studying the AGN population, measuring the infrared colors of stellar objects, and studying the extra-galactic infrared background light.
1. INTRODUCTION A statistical understanding of galaxy properties could be achieved by measuring the number counts of observed sources as a function of brightness in wide-area surveys (Jones et al. 1991; Pozzetti et al. 1998; Yasuda et al. 2001; Hatsukade et al. 2011; Valiante et al. 2016; Geach et al. 2017; Hemmati et al. 2017 ). This has been utilized successfully in the optical and near-infrared bands to study galaxy mass assembly and star-formation activity originating from stellar emission (e.g. Gardner et al. 1993; Fontana et al. 2014) . Infrared observations of extragalactic sources has been made possible by the first generations of upper atmosphere probes and space missions (Harwit et al. 1966; Neugebauer & Leighton 1969; Neugebauer et al. 1984; Kessler et al. 1996) , providing the first studies of non-stellar emission (Saunders et al. 1990; Genzel et al. 1998) . In particular, all-sky observations by the Infrared Astronomical Satellite (IRAS; Neugebauer et al. 1984) and Wide-Field Infrared Survey Explorer (WISE; Wright et al. 2010 ) provided the first dust maps (Schlegel et al. 1998 ) and paved the way for detailed studies of populations of infrared-bright galaxies (Soifer et al. 1984; Genzel et al. 1998; Calzetti et al. 2000; Eisenhardt et al. 2012; Wu et al. 2012; Bridge et al. 2013) .
The Spitzer Space Telescope (Werner et al. 2004 ) revolutionized studies of galaxy evolution by making crucial observations in the infrared revealing dust and stellar components in astronomical objects (Pérez-González et al. 2005; Draine & Li 2007; Magnelli et al. 2011) . Spitzer deep and wide-field infrared observations over the past decade have produced a unique dataset (Dickinson et al. 2003; Lonsdale et al. 2003; Sanders et al. 2007; Ashby et al. 2009 Ashby et al. , 2013a Ashby et al. , 2015 that has been used to study galaxy formation and evolution across a wide range of redshift and physical properties (Lacy et al. 2004; Le Floc'h et al. 2005; Brandl et al. 2006; Papovich et al. 2006) .
In this work, we present catalogs of stellar and galactic objects identified from Spitzer Infrared Array Camera (IRAC; Fazio et al. 2004 ) observations of the North Ecliptic Pole (NEP). The NEP (centered at R.A. = 18 h 00 m 00 s , Decl. = 66 d 33 m 38 s .552) is the natural extragalactic deep field and has one of the deepest observations by several space observatories, including Planck and AKARI (Serjeant et al. 2012) . It further has extensive observations from the X-ray to the millimeter (Kollgaard et al. 1994; Gioia et al. 2003; Lee et al. 2007; Jeon et al. 2010 Jeon et al. , 2014 Krumpe et al. 2015) with additional observations by WISE (Jarrett et al. 2011) . The field was specifically chosen to match the observations by the Cosmic Infrared Background Experiment (CIBER; Bock et al. 2013; Zemcov et al. 2014) to study the extragalactic background light fluctuation (Cooray et al. 2004; Matsumoto et al. 2005; Cooray et al. 2012a; Zemcov et al. 2014; Matsuura et al. 2017) . Figure 1 shows the sky coverage of the Spitzer NEP observations compared to the other infrared missions of the north ecliptic pole (Murakami et al. 2007; Matsuhara et al. 2006; Murata et al. 2013; Lee et al. 2009; Pilbratt et al. 2010; Bock et al. 2013) . The Spitzer observations were designed to maximize overlap with those of AKARI (Murakami et al. 2007 ) in the Deep (Matsuhara et al. 2006; Murata et al. 2013) and Wide (Lee et al. 2009 ) fields and observations by Herschel (Pearson et al. 2017) .
The Spitzer/IRAC dataset is complimentary to the already existing optical/near-infrared (Jeon et al. 2010 (Jeon et al. , 2014 ) data and could be used in combination with those to constrain the stellar mass function of galaxies in the NEP. The Spitzer infrared observations in the NEP could additionally be utilized (in conjunction with the already existing X-ray observations; Krumpe et al. 2015) to identify AGNs (Stern et al. 2005) . The NEP imaging data are particularly important for studies of diffuse light background fluctuations arising from individually un-detected sources directly probing early star-formation (Cooray et al. 2004 (Cooray et al. , 2012a Zemcov et al. 2014) .
The paper is organized as follows. In Section 2 we present the imaging data and compilation for the Spitzer NEP field. Section 3 provides details on our source catalog and photometry estimation. We discuss our data analysis results in Section 4 and summarize our findings in Section 5. Throughout this paper we assume a standard cosmology with H 0 = 70 kms −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7. All magnitudes are in the AB system where m AB = 23.9 − 2.5 × log(f ν /1µJy) (Oke & Gunn 1983 The observations were carried out over three epochs in both 3.6 µm and 4.5 µm bands (Table 1 ). The first two epochs were separated by ∼ 10 weeks and epoch three was observed ∼ 8 weeks after epoch two. The observations in different epochs enables study of the zodiacal light contamination, which changes throughout the year, for background fluctuations (Cooray et al. 2012a) .
Three epochs were considered sufficient for mapping the Spitzer NEP, based on previous observations of SD-WFS (Ashby et al. 2009 ), as this provided reliable power spectra measurements for studying the intra-halo light (IHL) and extragalactic background light (EBL) (Cooray et al. 2012b; Zemcov et al. 2014 ) combined with existing CIBER and AKARI data in the field. The mapping strategy involved observations that were offset by onethird of the IRAC field of view between successive passes through each group (where we split the field into sixteen groups) and were dithered on small scales to maximize the inter-pixel correlation to facilitate self-calibrations. Furthermore, to ensure that asteroids are reliably identified, each group is observed in three passes of 30 sec each. The time required to obtain a single 30 sec pass on a group ensures gaps of at least 2 hours between observations of each sky position. For typical asteroid motions of 25 arcsec hour −1 , asteroids will move 1 arcmin between maps. Since this is much smaller than a typical map width, three map observations will reliably (Murakami et al. 2007 ) in the Deep (Matsuhara et al. 2006; Murata et al. 2013) and Wide (Lee et al. 2009 ) fields, CIBER (Bock et al. 2013; Zemcov et al. 2014) and Herschel (Pearson et al. 2017) . The Spitzer observations were chosen to maximize the sky coverage by all these surveys providing a complete census of the infrared SEDs of galaxies.
track asteroid motions. We further note here that there are very unlikely to be any main belt asteroids (with a 25 arcsec hour −1 motion) in the Ecliptic Cap, with most being near the Ecliptic Plane. Some near-earth asteroids may be present, but these typically have much faster motions (∼ several arcmin/hr) and easily identifiable.
Basic Calibrated Data (BCD) and associated files were directly downloaded from the Spitzer Science Center after acquisition. This corresponds to 3936 tiles in each epoch in each of the bands (except epoch 2 which observed 3854 tiles in 3.6 µm; see Table 1 ) with 23.6 sec and 26.8 sec exposures per tile at 3.6 µm and 4.5 µm, respectively. This resulted in a continuous Spitzer map of the NEP field covering an area of 7.04 deg 2 corresponding to a total integration time of ∼ 165 h. Figure 2 shows the NEP area coverage and depth compared to other Spitzer surveys.
We used mopex 17 version 18.5.0 (Makovoz et al. 2006 ) on the corrected-Basic Calibrated Data (cBCDs) released by the Spitzer Science Center to construct the mosaics. We generated combined mosaics for each epoch and a combined mosaic of all three epochs with mopex for the 3.6 µm and 4.5 µm observations. Figure 3 shows the combined three epoch mosaics in the 3.6 µm and 4.5 µm bands. In Summary mopex takes the data frames along with the associated uncertainty frames and constructs a Fiducial Image Frame (FIF) from the boundaries of the data frame onto which input observations will be projected. It then runs a background matching routine on overlapping frames and performs an image interpolation which maps the individual frames onto the generated FIF after which a co-added mosaic image is generated. During the process mopex also performs an outlier rejection routine to identify outlier pixels (such as cosmic rays) and generates a bad pixel mask which is used in the construction of the mosaic. Each generated science map is also accompanied by the corresponding uncertainty and exposure maps calculated by mopex. We refer the reader to the mopex manual for further details 18 . Figure 4 shows the mopex generated coverage map of the NEP for the full depth mosaics in the 3.6 µm and 4.5 µm bands. We see that the NEP observations have very uniform depth across the field in both bands. Figure 5 shows the area coverage of the 3.6 µm map given a minimum exposure time for a single epoch and the full depth mosaics. We see that more than 89% of the field (with area ∼ 6.26 deg 2 ) is covered with an exposure time of at least 100 sec in the full depth mosaic whereas only 45% (with area ∼ 3.17 deg 2 ) is covered to similar depths in a single epoch. The individual 3.6 µm epochs have 1σ depths of 2.11 µJy, 2.13 µJy and 2.22 µJy respectively in the three epochs and a depth of 1.29 µJy over the combined full depth mosaic. The combined full depth mosaic in the 4.5 µm band has a 1σ depth of 0.79 µJy (measured over an aperture of 4 with aperture corrections applied; see Section 3.2). Table 1 summarizes the Spitzer NEP observations.
3. SOURCE CATALOGS 3.1. Source Identification and Photometry We used SExtractor (Bertin & Arnouts 1996) for source identification and photometry. SExtractor is run in dual mode on the combined three epoch mosaics on the 3.6 µm and 4.5 µm individually as the detection bands with photometry extracted in both. The two catalogs are then merged to form the final NEP catalog. With this approach, we make sure to include 3.6 µm faint sources that are detected in the 4.5 µm and would have been missed by the former selection alone. The mopex generated mosaics are in units of [MJy Sr
−1 ], which we convert to [µJy pixel
−1 ] using the map pixel scale of 1 .2 before measuring the photometry. We used a minimum detection area of 3 pixels with a detection threshold of 2σ for source identification. This is chosen to maximize the recovered sources while minimizing spurious source identification. We identify 380,858 sources over the 7.04 deg 2 area of the Spitzer NEP map with our detection criteria. We measure source photometry in AB magnitudes given the pixel flux units in micro-Jansky and report this in a Kron radius (the mag auto), which is photometry over an ellipse with size and orientation determined from the second moment of light distribution above the isophotal threshold, and also over two apertures (with 4 and 6 diameter). We further report the SExtractor measured stellarity parameter for each object which we use later (see Section 4.4) to validate the color of stars in the field. Figure 6 shows the area-normalized distribution of the source photometry in the full NEP of the combined three epochs.
3.2. Aperture Corrections We perform aperture photometry over two circular apertures at fixed 4 and 6 diameters in addition to the SExtractor measured mag auto discussed above. The fixed apertures often under-predict the flux of objects. We corrected the aperture photometry measurements in the 3.6 µm and 4.5 µm bands for the effect of fixed apertures (at 4 and 6 ) used in their measurements. For this we used the curve of growth of five isolated stars in the field using ever growing circular apertures (with 4 −10 diameter) to measure the source flux. The aperture correction is measured as the mean of the correction from the curve of growth of the selected stars. Table 2 summarizes the aperture corrections (in AB magnitudes) for both observed IRAC bands. These agree with the reported numbers by Ashby et al. (2009) for the SDWFS and also corrections reported by the IRAC Instrument Handbook.
Astrometry
We validate the astrometry of the Spitzer NEP catalog generated by SExtractor against the publicly available USNO CCD Astrograph Catalog (UCAC; Zacharias et al. 2013) 
fourth version
19 . We use a 2 radius to crossmatch the NEP catalog with that of UCAC. We further limit the astrometry analysis to sources with a minimum signal-to-noise ratio of 20 in the NEP 3.6 µm band. This generates a catalog of 8729 sources over the full NEP area. Figure 7 shows the distribution of the difference in right ascension and declination between the NEP catalog and the UCAC. The distribution of the difference in declination is consistent with being centered on zero with a deviation of 0 .04, whereas the right ascension difference shows a mean offset of 0 .25. These distributions have standard deviations of 0 .51 and 0 .24 in the right ascension and declination respectively, smaller than the IRAC spatial resolution measured from the PSF FWHM (∼ 1 .78). We note here that the offset is also smaller than the pixel scale of our Spitzer/IRAC mosaics at 1 .2 and that we did not apply this to the final photometric catalog. The final photometric catalog will be available through the IRSA website 20 and as a machine readable table with this publication. Table 3 in the appendix summarizes the entries in the published catalog.
4. ANALYSIS 4.1. Number Counts The Spitzer NEP 3.6 µm selected catalog has 380,858 sources over an area of 7.04 deg 2 . Figure 6 shows the NEP area-normalized source number counts along with the source counts from the Spitzer Deep Wide-Field Survey (SDWFS; Ashby et al. 2009) . Area coverage of the Spitzer 3.6 µm NEP map as a function of total exposure time for the combined three epochs (in red) and a single epoch (in blue). More than 89% of the field is covered with exposure time of at least 100 sec in the combined mosaic where that number is 45% for the single epoch observations. are associated with the larger number of stars and shallower depths (see Figure 2) at the bright and faint end respectively in the NEP compared to that of SDWFS. Table 3 summarizes the source counts of the photomet- ric catalog in designated magnitude bins along with the associated Poisson uncertainties.
Completeness Estimates
To get an estimate of the NEP survey catalog depth we performed a point-source completeness estimate on the combined three epoch full depth in the 3.6 µm band. For this we generated a large number of point sources of varying brightness (with 1000 sources in each 0.05 bins of magnitude), given the IRAC PSF FWHM (at 1 .78). We then randomly distributed these sources across the 3.6 µm mosaic while avoiding the mosaic edges and existing objects in the field using the segmentation map generated by SExtractor for the main photometric Figure 6 . Left: Normalized 3.6 µm number counts of sources in the Spitzer NEP catalog (magenta) compared to the counts in the SDWFS (blue). The SDWFS is a deeper survey (see Figure 2 ) and this is reflected in the counts at the faint end. On the other had the Spitzer NEP shows a larger number of sources at the bright end. Right: Number counts of sources in the Spitzer NEP 4.5 µm band compared to the SDWFS (Ashby et al. 2009). catalog. We used the original SExtractor detection criteria to identify sources in the new co-added map of real and simulated objects. We cross-matched the generated catalog with the known simulated positions of the injected sources which yields a recovery fraction of the point sources. Figure 8 shows the recovered fraction of the simulated point sources as a function of the source brightness. The catalog has a point source completeness estimate 80% for objects with 19.71 (AB mag) in the 3.6 µm and drops rapidly for faint sources.
Photometric Validation Check
To check the robustness of the Spitzer measured photometry, we compared our IRAC measured photometry with that of the Wide-Field Infrared Survey Explorer (WISE; Wright et al. 2010) . For this, we used the AllWISE catalog (Cutri 2013) to extract the WISE photometry in the W1 and W2 bands (at 3.4 µm and 4.6 µm respectively). We used the conversion factors provided in Table 1 of Jarrett et al. (2011) to convert the WISE measured Vega magnitudes in the W1 and W2 bands to AB magnitudes for comparison. Figure 9 shows the comparison of Spitzer measured magnitudes in the 3.6 µm and 4.5 µm bands to that of WISE W1 and W2 observations in the NEP. The Spitzer measured photometry in consistent with WISE with a small scatter at bright magnitudes (σ(m) = 0.03 for 3.6 µm and σ(m) = 0.01 for 4.5 µm; computed at m AB = 15) increasing to σ(m) = 0.23 for 3.6 µm and σ(m) = 0.32 for 4.5 µm for fainter objects (measured at m AB = 20). The Spitzer photometry is offset from WISE by ∆m = 0.13 and ∆m = 0.07 in the 3.6 µm and 4.5 µm respectively (measured from the bright end). This is associated with differences in the filter response functions and effective wavelengths probed creating a zero-point offset. We do not apply these offsets to the our Spitzer NEP photometric catalog.
We further compared our IRAC photometry in the Spitzer NEP with infrared observations by the AKARI in the north ecliptic pole. For this we used the catalog of sources in the AKARI deep and wide surveys of the north ecliptic pole (Murata et al. 2013; Kim et al. 2012) , covering an area of 0.5 deg 2 and 5.4 deg 2 respectively. Figure 9 shows the comparison of the 3.6 µm photometry to that of AKARI. For the comparison, we take the average of the fluxes in the AKARI N3 and N4 filters (at 3.2 µm and 4.1 µm respectively; Murata et al. 2013) . We see from the figure that, on average, the measured IRAC 3.6 µm photometry agrees well with that of AKARI, specially at the bright end and for the AKARI deep observations. The main source of the deviation is associated with the differences in the Spitzer filter response function and the average filter functions associated with the combined AKARI N3 and N4 observations.
IRAC Color
We further check the validity of the Spitzer measured photometry by comparing the color distribution of stars in the NEP survey to the expected infrared color derived from stellar model templates. For this we used the BaSeL stellar library (Lejeune et al. 1997 (Lejeune et al. , 1998 Westera et al. 2002) and computed the expected color of model templates by integrating over the stellar SEDs given the Spitzer/IRAC filter response functions . Simulated point source completeness fraction at 3.6 µm as a function of source magnitude. Point sources are generated from the IRAC 3.6 µm PSF and are randomly distributed over the NEP mosaic. The recovered fraction using the original SExtractor parameters, used to generate the photometric catalog, provides the completeness.
at 3.6 µm and 4.5 µm. Figure 10 shows the expected Ch2 [4.5 µm] − Ch1 [3.6] µm color of stellar models compared to measured colors of stars in the NEP catalog. We identified stellar sources in the NEP catalog using the stellarity parameter, class star, from SExtractor requiring class star > 0.99. This gives 2107 stellar objects for the NEP catalog. The IRAC color distribution of stars in the NEP catalog is consistent with stellar model predictions with mean (4.5 µm − 3.6 µm) values of 0.47 and 0.50 for the observed color of stars from NEP catalog and measured color from template stellar models respectively. The scatter in the NEP IRAC colors is associated with the photometric uncertainties in individual flux measurements.
4.5. X-ray Sources The Spitzer/IRAC colors have been used to identify populations of active galaxies (Stern et al. 2005; Donley et al. 2012) where the continuum flux is expected to be dominated by a power law for AGN dominated sources. These selections use the IRAC observations in four filters to isolate the AGN selection area on the color-color diagram. Due to lack of longer wavelength Spitzer observations (at 5.8 µm and 8.0 µm), we instead look at the (3.6 µm−4.5 µm) color distribution of sources in the NEP catalog. Figure 11 shows the IRAC color distribution of all the NEP sources compared to the X-ray detected sources in the field. We used the Chandra AKARI NEP X-ray point source catalog (Krumpe et al. 2015) and used a 2 matching radius to extract the IRAC colors. This gives 354 matched sources with the X-ray catalog. We see that the X-ray sources have a redder (3.6 µm−4.5 µm) color distribution, on average, compared to the full sample as expected for AGN samples (Stern et al. 2005) .
5. SUMMARY Here we presented a Spitzer/IRAC combined mosaics and a 3.6 µm and 4.5 µm detected catalog of extragalactic sources in the North Ecliptic Pole (NEP; centered at R.A. = 18 h 00 m 00 s , Decl. = 66 d 33 m 38 s .552). The catalog contains IRAC photometry for 380,858 sources in the 3.6 µm and 4.5 µm bands. Here are the main findings:
• The combined three epoch full-depth mosaic covers an area of 7.04 deg 2 reaching 1σ depths of 1.29 µJy and 0.79 µJy, over an aperture of 4 in diameter, in the 3.6 µm and 4.5 µm bands respectively.
• The mosaics have uniform exposure across the field with more than 89% of the field covered by an exposure time of at least 100 sec.
• The photometric catalog has astrometry offset and uncertainties consistent with the Spitzer PSF FWHM and pixel size.
• The Spitzer/IRAC measured photometry in the NEP is consistent with earlier measurements by WISE and AKARI at similar wavelengths with current IRAC observations being deeper than both.
• The colors of stellar objects in the NEP agrees with colors of stellar template models and also agrees Figure 9 . Top: The photometric comparison of the Spitzer NEP to that of WISE (Wright et al. 2010 ) for the NEP 3.6 µm (left) and 4.5 µm bands. We use the AllWISE catalog (Cutri 2013 ) photometry measurements in the W1 (at 3.4 µm) and W2 (at 4.6 µm) bands to compare with NEP catalog respectively. The NEP photometry is consistent with WISE showing small scatter with magnitude offsets associated with variations in the filter response function shapes between Spitzer and WISE. Bottom: Photometric comparison of the IRAC 3.6 µm in the NEP to that of the AKARI deep (left) (Murata et al. 2013 ) and AKARI wide (right) (Kim et al. 2012) . The AKARI photometry is taken from the average of the fluxes in the two AKARI infrared bands of N3 and N4 (at 3.2 µm and 4.1 µm respectively). Figure 10 . The observed (4.5 µm − 3.6 µm) color distributions of stars in the Spitzer NEP catalog (in red) compared to the color of template stellar models from BaSeL library (Lejeune et al. 1997 (Lejeune et al. , 1998 Westera et al. 2002) . The NEP stars are selected using the SExtractor stellarity parameter assuming class star > 0.9. The stellar model colors are computed using the Spitzer filter response functions. The observed IRAC color of stars is consistent with predictions from the BaSeL library, with mean colors of 0.54 and 0.51 respectively. The scatter in the observed IRAC color is associated with the photometric uncertainties in the NEP catalog.
with expected colors of X-ray detected sources, further validating the measured photometry.
• The generated IRAC point-source catalogs will be available through the NASA/IPAC Infrared Sci- Figure 11 . The observed IRAC (3.6 µm − 4.5 µm) color distribution of all Spitzer NEP sources (in green) compared to the X-ray detected objects (Krumpe et al. 2015) (in magenta). The distribution of IRAC color of X-ray sources is consistent with the AGN colors reported in Stern et al. 2005. ence Archive.
ACKNOWLEDGEMENT We wish to thank the referee for reading the original manuscript and providing useful suggestions. Financial support for this work was provided by NSF through AST-1313319 for H.N. and A.C. UCI group also acknowledges support from HST-GO-14083.002-A, HST-GO-13718.002-A and NASA NNX16AF38G grants. M.I. acknowledge the support from the NRFK grant, No. 2017R1A3A3001362. This work was supported by NASA APRA research grants NNX07AI54G, NNG05WC18G, NNX07AG43G, NNX07AJ24G, and NNX10AE12G. This work is based on observations made with the Spitzer Space Telescope, which is operated by the Jet Propulsion Laboratory, California Institute of Technology under a contract with NASA. Support for this work was provided by NASA through an award issued by JPL/Caltech.
